INTRODUCTION
Calcitonin is known to lower the Ca2l concentration in the blood, and conversely calcitonin secretion from the parafollicular cells ofthe thyroid (C-cells) is tightly regulated by the extracellular Ca2l concentration (Gagel et al., 1980; Zeytinoglu & DeLellis, 1987) . The extracellular Ca2l sensing is mediated by the coupling of changes of the extracellular Ca2+ to corresponding changes in the intracellular Ca2' and, thereby, to calcitonin secretion (Fried & Tashjian, 1986) . The existence of two C-cell lines with different Ca2+-sensitivity, i.e. the Ca2+-sensitive C-cell line rMTC 44-2 (Gagel et al., 1980 ) from a rat medullary thyroid carcinoma and the 'defective' Ca2+-insensitive C-cell line TT (Leong et al., 198 1; Haller-Brem et al., 1987 ) from a human medullary thyroid carcinoma, provide an excellent tool to study the crucial role of 1,4-dihydropyridine-sensitive voltage-operated Ca2+ channels in the electrosecretory coupling (Cooper et al., 1986; Muff et al., 1988; Raue et al., 1989; Scheriibl et al., 1990) .
Within the al-subunit of the voltage-dependent L-type Ca2+ channel, distinct binding domains for Ca2+-channel blockers from different chemical classes, e.g. 1,4-dihydropyridines, phenylalkylamines and benzothiazepines, are located (for reviews, see Triggle & Janis, 1987; Hosey & Lazdunski, 1988; Glossmann & Striessnig, 1990) . These binding domains interact allosterically via a Ca2+-binding site Staudinger et al., 1991) . In endocrine cells, few characterizations of the 1,4-dihydropyridine-binding site of voltage-dependent characteristics of binding to the al-subunit of L-type Ca2" channels. In contrast, in membranes of TT cells, which are known to lack Ca2"-sensitivity, no Ca2+-channel-specific (+)- Ca2" channels have been reported Bression et al., 1987; Kunze et al., 1987; Yaney et al., 1991 2,7-dimethyl-3-(3,4-dimethoxyphenyl)-3-cyan-7-aza-9-(3-methoxyphenyl) nonane; nimodipine, isopropyl-(2-methoxyethyl)-1,4-dihydro-2,6-dimethyl-4-(3-nitrophenyl)-3,5-pyridinedicarboxylate; Bay K 8644, methyl 1,4-dihydro-2,6-dimethyl-3-nitro-4-(2-trifluoromethylphenyl)pyridifne-5-carboxylate; (+ )-tetrandrine, (+ )-6,6',7,1 2-tetramethoxy-2,2'-dimethylberbaman. 
Cell culture
Calcitonin-secreting cells of the rat cell line rMTC 44-2 (rMTC cells), subcultured to passages 48-59, were grown as monolayers. The culture medium consisted of DMEM supplemented with 150% (v/v) horse serum and 2.50% (v/v) fetal-calf serum. The medium was changed every second day, and cells were split every week. Calcitonin-secreting cells of the human cell line TT (TT cells) were grown in the same way, except for the use of RPMI-1640 medium supplemented with 16 % fetal-calf serum.
Preparation of membranes
Pre-confluent rMTC and TT cells were harvested with a cell scraper, collected by centrifugation at 1600 g (4°C, 20 min) and disrupted by nitrogen cavitation in a buffer consisting of (mM) NaCl 100, EDTA 0.5, KH2PO4 50 (pH 7.0). Immediately after cell disruption, the EDTA concentration was increased to 3 mM, and 2-mercaptoethanol was added to a final concentration of 15 mM. Nuclei were removed by short centrifugation at 1000 g (4°C), and membranes were sedimented by centrifugation at 30000 g (4°C, 15 min). Total protein was determined as described by Peterson (1983) . Membranes were stored at -70°C in 10 mM triethanolamine/HCl buffer (pH 7.4).
Binding studies on membrane-bound Ca2+ channels Dihydropyridine-binding assays were performed as described by with the following modifications. In all experiments membranes were incubated at 37°C (triplicates) in 0.2 ml of Tris/HCl buffer (50 mM, pH 7.4) containing CaC12 (1 mM) and MgCI2 (1 mM). When using the allosteric regulators (+ )-tetrandrine and (-)-D888 the free Ca2+ concentration of the incubation buffer was adjusted to 100 nM with EGTA. In competition experiments, the binding of 0.1 nM (+ )-[3H]PN 200-1 10 to rMTC cell membranes was performed in the presence of increasing concentrations of non-radioactive 1,4-dihydropyridines. All drugs added were diluted in ethanol, and the final concentration of ethanol never exceeded 0.2 % (v/v 
Electrophysiology
For electrophysiological experiments, C-cells were cultured on small glass slides (density about 10000/cm2) for 2-5 days. Glass slides with adherent cells were transferred into a perfusion chamber, which was mounted on an inverted microscope (Zeiss, Oberkochen, Germany). C-cells had a capacity of 8 + 2 pF (n = 30). Ba2+ currents through voltage-dependent Ca2+ channels were measured by the patch-clamp technique in the cell-attached and whole-cell configurations (Hamill et al., 1981) . For both single-channel and whole-cell experiments, patch electrodes were prepared from glass capillaries (Jencons, Leighton Buzzard, Beds., U.K.) and had an average resistance of 2-5 MQ (for single-channel recordings, pipettes were fire-polished and coated).
Whole-cell recordings Whole-cell currents were recorded in a small (0.2 ml) perfusion chamber (5 ml/min, at 36-37°C). For determination of inward currents, Ba2+ was used as charge carrier in a solution (El) composed of (mM) with CsOH, 24°C), Na2ATP 3. In rMTC cells, an wo-conotoxin-sensitive current may contribute to the observed voltage-activated whole-cell Ca2+-channel current (Scheriibl et al., 1991I, but neither is a prerequisite for the electrical activity of rMTC ceils nor for the activation of calcitonin secretion (H. Scheriibl, unpublished work). Therefore, we added 1 ,uM econotoxin to the pipette solution when measuring whole-cell currents in E2. This pipette solution (12) additionally contained 3 ,M tetrodotoxin in order to block Na2+ channels. Access resistance in all experiments was below 50 Ma, and the Ohmic background conductance was determined by hyperpolarizing pulses (from -60 mV).
Single-channel recordings
Single-channel currents were recorded at room temperature (24 + 1°C). The pipette solution (13) 1,4-Dihydropyridine-sensitive Ca2l channels in calcitonin-secreting cells radioligand and unlabelled drug. The co-operativity factor a, as well as the value of a x KA, i.e. the dissociation constant of the allosteric stimulator for the complex of ligand and receptor, were calculated as described by Ehlert (1987 For the demonstration of the current-voltage relations measured under whole-cell conditions, the currents were leakagecompensated and fitted to voltage according to the Boltzmann equation:
where g is the relative conductance, Vtest is the indicated test potential, Vrev is the reversal potential, Vh is the potential of halfmaximal activation and k determines the slope. (0) on the presence of Ca2+ (King et al., 1988) . In the presence of (+)-tetrandrine (1 #M), we observed a decreased dissociation rate of (+)-['H]PN 200-110 with k =-0.066 + 0.007 min-', whereas (-)-D888 (1 ,uM) increased it to 0.33 + 0.06 min-' (see Figure 3 and Table 1 ).
Equilibrium binding studies
As shown in Figure 4 , ( IC50 (nM) Ki ( respectively (n = 6; see Figure 6 ), but failed to affect the Ba2+ current in TT cells (results not shown). In contrast, TT cells exhibited fast-inactivating Ba2+ currents with an amplitude of 12±1 pA/pF, which were dihydropyridine-insensitive but could be blocked by 58 7 % with Ni2+ (10 ,M, n = 6).
In order to determine the number of functional 1,4-dihydropyridine-sensitive Ca2+ channels in rMTC cells, we recorded single Ca2+ channels in the cell-attached configuration.
Under conditions where Na+ channels and w-conotoxin-sensitive Ca2+ channels were blocked (see the Materials and methods section), single Ca2+-channel openings were seen in response to depolarizing pulses from -80 to 0 mV (Figure 7) Bression et al., 1987; Kunze et al., 1987; Yaney et al., 1991 Triggle & Janis, 1987; Hosey & Lazdunski, 1988; Glossmann & Striessnig, 1990 (Schwartz et al., 1985; Hamilton et al., 1986; Glossmann & Striessnig, 1988; Dacquet et al., 1989; Porzig, 1990; Dunn & Bladen, 1991; Hescheler et al., 1991 (Vaghy etal., 1985; Brown etal., 1986; Rogart etal., 1986; Dunn & Bladen, 1991) Zernig (1990) . Furthermore, low-affinity 1,4-dihydropyridine-binding sites may include Na+ or K+ channels (Yatani and Brown, 1985; Hume, 1985) .
To confirm the differential expression of voltage-dependent Ca2+ channels in rMTC and TT cells as revealed by our binding studies, we used the same organic Ca2+-channel blockers to characterize whole-cell Ca2+ currents in these cells. Under voltage-clamp conditions, the fast-inactivating Ca2+-channel current displayed in TT cells (Scherubl et al., 1990) (Sanguinetti & Kass, 1984; Hamilton et al., 1986) , resulting in binding with higher affinity to the inactivated Ca2+ channel than to rested channels (Bean, 1984) . In addition, in rMTC cells a 1,4-dihydropyridine-insensitive but ct-conotoxinsensitive current contributes to the Ca2+-channel current observed in whole-cell voltage-clamp experiments (Scheriibl et al., 1991) .
The combination of radioligand binding and electrophysiological measurements allowed us to compare the numbers of Ca2+-channel-related 1,4-dihydropyridine-binding sites and functional channels. To estimate the total number of functional 1,4-dihydropyridine-sensitive Ca2+ channels, we performed both whole-cell and single-channel voltage-clamp experiments in rMTC cells under similar conditions. We calculated the total number of 1,4-dihydropyridine-sensitive Ca21 channels to about 7000/cell, which number is in reasonable Messing et al., 1986; Kunze et al., 1987; Porzig, 1990) . From the binding data and the electrophysiological measurements, we calculated the mean density of 1,4-dihydropyridine-sensitive Ca2+ channels in rMTC cells as 2.5 and 8.5 channels per 4um2 membrane area, respectively. The Ca2+-channel density in rMTC cells therefore equals that in ventricular cells of adult guinea pigs with 0.5-5 channels per /um2 membrane area. However, a difference should be pointed out when comparing rMTC cells with heart or skeletal-muscle cells, where Ca2+-channel-related 1,4-dihydropyridine binding largely exceeds the number of functional channels (Schwartz et al., 1985; Hamilton et al., 1986 ); more than one 1,4-dihydropyridine binding site associated with one Ca2+-channel molecule has been postulated by several groups (Green et al., 1985; Rogart et al., 1986; Schilling & Drewe, 1986 ; Lee et al., 1987; Dunn & Bladen, 1991) , although this assumption may not hold true.
The expression of completely different voltage-operated Ca2+ channels in rMTC and TT cells is reflected by the differing Ca2+-sensitivity of calcitonin secretion from both cell types. Whereas the 1,4-dihydropyridine-sensitive Ca2+ channel of rMTC cells works as a Ca2+ sensor regulating Ca2+-induced calcitonin secretion (Raue et al., 1989; Scheriibl et al., 1990) , the fast inactivating Ca2+ current observed in TT cells appears to be insufficient to regulate calcitonin secretion in response to Ca2( Haller-Brem et al., 1987) . The exclusive expression of slowly rather than fast-inactivating voltage-dependent Ca2+ channels in these two C-cell lines offers a fascinating opportunity to clarify the molecular diversity of voltage-dependent Ca2+ channels and their roles in the regulation of cellular functions.
